Abstract
Introduction
Toxicity testing is currently one of the major hurdles for many drug discovery processes. Currently, the main methods for identifying teratogens are either through epidemiological studies in human populations or by controlled exposure of animal models. [2] . On the other hand, aspirin and caffeine are teratogenic in rodents but not in human beings [3, 4] . For many of the most prominent teratogens known, the in vivo 'no observed adverse effect level ' (NOAEL) for mouse and rat, are more than two orders of magnitude higher than the lowest reported teratogenic dose in human. Thus, inferring teratogenicity from in vivo systems (other than primates) is problematic [2] . When a 'safe' margin from the animal NOAEL is often considered to be 1/100 or 1/1000 it is difficult in many cases to separate between actual teratogenic effects of compounds and nonspecific effects, such as maternal toxicity. In this study we examined the potential of differentiating human embryonic stem cells (HESCs) and induced pluripotent stem cells (HiPSCs) [5, 6] . Previous studies using mouse [7] [8] [9] and human [10] [11] [12] [15] , but its effect on the human embryo is yet unresolved [16] . Thalidomide is a very potent human teratogen that causes severe limb defects, heart malformations and spontaneous abortions. The mechanism of thalidomide teratogenicity is yet poorly understood. One possible explanation could be cellular damage induced by reactive oxygen species that are generated by thalidomide metabolites [17] . Importantly, the developmental toxicity of thalidomide does not manifest in mice and rats [2] . Thus, thalidomide was used by pregnant women for several years, during which time thousands of malformed babies were born. Caffeine on the other hand has been shown to be teratogenic in rodents [18] , but does not pose a significant risk to human development.
Specifically, in order to test chemicals for developmental toxicity, OECD (Organization for Economic Co-operation and Development) guidelines require approximately 20 pregnant animals for the control group and each test group, in a minimum of three doses. Following gestation pregnant animals are killed and the litter examined thoroughly for abnormalities [1]. Thus, in vivo screening for teratogenic potential requires the use of a large number of laboratory animals and is very labour intensive and costly. Moreover, there are significant disparities between human beings and animal models in their response to chemical substances. Notably, thalidomide is a strong human teratogen that causes many severe congenital defects but was not identified prospectively as such in the mouse

Materials and methods
Cell culture
Human ES cells (HESCs, H9) [19] and HiPSCs (hTERT-BJ1-derived clone #28) [20] 
Microarray data analysis
Results
Treatment with human teratogens leads to major global gene expression changes in human embryoid bodies
In this study we treated developing EBs for 7 days with various teratogens at concentrations corresponding to documented human serum levels [8, 22] . Caffeine as a negative control was used at a concentration shown to induce malformations in mice [18] . Following treatment, gene expression was analysed using DNA microarrays. Expression results were analysed relative to their respective untreated controls and genes whose expression was significantly changed (over 2-fold) were counted. Lithium, caffeine and 0.5% ethanol produced little or no effect. Higher doses of ethanol (1.5% and 2%), RA and thalidomide had more dramatic effects with several hundred probesets changing in their levels of expression (Fig. 1A) .
To determine specific developmental effects, we generated sets of tissue specific genes by cross comparison of microarrays from eight adult somatic tissues [21] 
Functional analysis of retinoic acid, thalidomide and ethanol affected genes
To further characterize the molecular events induced by ethanol, RA and thalidomide, Gene Ontology based functional annotation was performed [23] (Fig. 2) (Fig. 3A) . (Fig. 3) , and the misexpression of brain specific genes (Fig. 2) , such that there was both significant up-and down-regulation of these genes. HOXA1 in particular was highly overexpressed at the mRNA level (13.6-fold, P-value ϭ 0.0003). Indeed, at the protein level we can see similar increase in HOXA1 abundance, together with NCAM1 (Fig. 4B) , indicating significant effects of RA on neuronal differentiation. [7] [8] [9] . Notably, the embryonic stem cell test has gained much recognition [7] . This test focuses mainly on the observed higher sensitivity of ES cells to the cytotoxic effects of toxins, relative to fibroblasts. Recently, similar studies have been published using HESCs [10] [11] [12] . In the present study we chose to examine the global developmental effects of teratogenic compounds that pregnant women may be exposed to and, in some cases, the nature of the teratogenic risk they pose is currently unclear.
In the ethanol treated EBs the most significantly up-regulated functional group were liver protein genes (9.3-fold) (Fig. 2). These include several apolipoprotein and fibrinogen genes (Fig. 3B) as well as the early hepatic markers AFP and transthyretin. Later adult hepatic markers such as albumin and the alcohol dehydrogenase genes were not up-regulated. Thalidomide caused significant up-regulation of genes responsible for metabolism of xenobiotics (11.5-fold) and down-regulation of oxidative stress response genes (15.8-fold). This observation fits with previous reports connecting thalidomide activity with reactive oxygen species induced DNA damage. Additionally affected were several developmental related gene groups such as nervous system development genes (2.5-fold) and transforming growth factor ␤ genes (29.6-fold) (Fig. 2).
Retinoic acid and ethanol alter differentiation of treated EBs as predicted by gene expression profiling
Discussion
In this study we compared the effects of five known and potential teratogens on HESCs. Previous studies have examined the toxic effects of drugs on mouse ES cells with decent success
Using a non-biased expression profiling approach we were able to identify and characterize the teratogenic effects of RA, thalidomide and high levels of ethanol. Interestingly, the effect of ethanol on gene expression was highly dose sensitive, with a 3-fold increase in concentration causing an 'all or none' effect.
Similar dose-dependant concentrations of ethanol were shown to induce Foetal Alcohol Syndrome phenotypes in a recent Xenopus
Laevis model [25] . Lithium, a debated human teratogen under standard clinical concentrations [26] (Fig. 4) 
